Prior studies of mitochondrial genomic variation reveal that the Japanese brown frog Rana 14 tagoi comprises a complex of cryptic species lineages, and that R. sakuraii arose from within 15 this complex. Neither species forms a monophyletic group on the mitochondrial haplotype tree, 16 precluding a simple explanation for the evolutionary origins of R. sakuraii. We present a more 17 complete sampling of mitochondrial haplotypic variation (from the ND1 and 16S genes) plus 18 DNA sequence variation for five nuclear loci (from the genes encoding NCX1, NFIA, POMC, 19 SLC8A3, and TYR) to resolve the evolutionary histories of these species. We test hypotheses of 20 population assignment (STRUCTURE) and isolation-with-migration (IM) using the more 21 slowly evolving nuclear markers. These demographic analyses of nuclear genetic variation 22 confirm species-level distinctness and integrity of R. sakuraii despite its apparent polyphyly on 23 the mitochondrial haplotype tree. Divergence-time estimates from both the mitochondrial 24 haplotypes and nuclear genomic markers suggest that R. sakuraii originated approximately one 25 million years ago, and that incomplete sorting of mitochondrial haplotype lineages best explains 26 1 non-monophyly of R. sakuraii mitochondrial haplotypes. Cytonuclear discordance elsewhere in 27 R. tagoi reveals a case of mitochondrial introgression between two species lineages on Honshu. 28
Introduction 35
Japanese brown frogs Rana tagoi and R. sakuraii are known to show a complicated 36 genealogical relationship (Tanaka et al., 1996; Eto et al., 2012 Eto et al., , 2013 . Rana tagoi occurs widely 37 on the main and peripheral islands of the Japanese archipelago except for Hokkaido and the 38
Ryukyus. While most brown frogs breed in open, still waters, R. tagoi breeds in subterranean 39
streams where the larvae can metamorphose without feeding (Matsui and Matsui, 1990; Maeda 40 and Matsui, 1999) . These distinctive traits might be the product of adaptation to the 41 mountainous environments of the Japanese archipelago. Conversely, R. sakuraii, occurring only 42 on Honshu sympatric with R. tagoi, breeds under rocks in open streams, and adult frogs have 43 several characters suitable for a lotic environment (e.g., they possess fully developed toe webs, 44 which are less well developed in R. tagoi), although its eggs and larvae share traits with those of 45 R. tagoi. From these facts, Matsui and Matsui (1990) postulated that R. sakuraii speciated from 46 a R. tagoi-like ancestor when it adapted to stream environments. This hypothesis is supported 47
Historical demography between Clusters I and II 260
First, we conducted a coalescent analysis using IMa2 for the two large nuclear clusters: I 261 and II. Each parameter showed single peaks in their probability density distributions (Fig. S2) . 262
The parameter values obtained are listed in Table 2 . The estimated population migration rate 263 (2NeM) for I to II (I → II) was 0.52 (0.24-1.12). In the opposite direction; i.e. II → I, the 264 parameter value tended to be larger, with 2NeM II → I being 1.23 (0.70-2.14). The LLR test 265 showed that all of these values were significantly larger than zero (p < 0.01), suggesting that 266 clusters I and II have maintained a degree of gene flow after their divergence. However, strong 267 to moderate genetic isolation would exist between the two clusters because the 2NeM values 268 obtained were relatively small (ca. 1 or smaller: Wright, 1931; Waples and Gaggiotti, 2006; 269 Reilly et al., 2012) . The effective population size estimated for I, II, and their ancestor was 2.2 270
(1.7-2.9), 1.7 (1.3-2.3), and 0.4 (0.2-0.8) million individuals, respectively. The ancestral 271 population size was smaller than those at present, as supported by parameter comparison of θ 272 (the posterior probabilities were 1.00 for each comparison). The population size of II tended to 273 be smaller than that of I, but the tendency was not supported statistically (BPP < 0.95). The 274 population divergence time (T) of I and II was estimated as 2.7 (4.4-2.2) MYA. Although its 275 95%HPD was relatively wide, this estimate was younger than the divergence time of the two 276 major mt-clades (A/B; ca. 4.2-4.0 MYA), but almost equal to those of A'/A'' (ca. 2.8-2.6 MYA) 277 and B-1/B-2 (ca. 2.7-2.3 MYA) ( Table 1) . 278 279
Historical demography between R. tagoi and R. sakuraii 280
Then, we compared demographic parameters between R. tagoi and R. sakuraii. As R. tagoi 281 (Rt), we chose mt-Lineages A-2, 5, and 6, which were genetically close to R. sakuraii (Rs) in 282 the mitochondrial and nuclear DNA analyses, as shown above (see Figs. 2 and 3). Since our 283 dataset was not sufficiently informative to analyse a four-populations model, we combined 284 Lineages A-5 and A-6 as a single group; these showed close genetic relationships in both 285 mitochondrial and nuclear analyses (Figs. 2, 3) . We conducted two separate analyses under 286 different population schemes: (1) three-populations model, in which R. sakuraii (Rs) and R. 287 tagoi (Rt) Lineage A-2 were assumed to be mutually close compared to A-5 and 6, based on the 288 mtDNA genealogy, and (2) two-populations model based on the current classification (Rs vs. Rt 289 A-2, 5, and 6). 290
In the three-populations model, significant gene flow (p < 0.05 in the LLR test) was 291 detected only in R. tagoi A-5+6 → A-2 (2NeM Rt A-5+6 → Rt A-2 was 3. 79 [0.75-9 .50]; Fig. S3 and 292 Table 2 ) and A-5+6 → R. sakuraii (2NeM Rt A-5+6 →Rs was 0.40 [0.04-2.00]), and no significant 293 gene flow was recognized between R. sakuraii and R. tagoi A-2 (p > 0.05). These results 294 indicated that the genetic isolation between R. tagoi A-2 and A-5+6 was moderate (1 < 2NeM ≤ 295 5), but the gene flow was strongly biased to one direction (from A-5+6 to A-2). Although gene 296 flow existed between the two species, the direction was limited (R. tagoi A-5+6 → R. We could not obtain a sufficient estimate for gene flow between the ancestral populations 304 because no obvious peaks of probability for the parameter 2NeM were recognised ( Table 2 ). The 305 estimated ancestral population size (Ne) was 0.21 (0.01-4.06) for R. sakuraii + R. tagoi A-2, and 306 was 0.43 (0.23-0.77) for the common ancestor of R. sakuraii, R. tagoi A-2 and A-5+6. The 307 estimated Ne for the ancestors tended to be smaller than the present Ne for R. tagoi (A-2, A-5+6) 308 and larger than that for R. sakuraii, but the tendencies were not supported statistically (BPP < 309 0.95). The time of population divergence estimated for R. sakuraii/R. tagoi A-2 (1.1 [2.3-0.6] 310 credibility intervals largely overlapped. 312
In the two-populations model, significant gene flow from R. tagoi to R. sakuraii was again 313 detected (2NeM Rt →Rs was 0.51 [0.14-1.17]: Fig. S3 and Table 2 ), but such trend was not 314 recognized in the opposite direction ( Fig. S3 and Table 2 ). These results indicate strong to 315 medium isolation between the two species, although small and unidirectional gene flow exists. 316
The 2NeM value for R. tagoi → R. sakuraii in this model was similar to the value for R. tagoi A-317 5+6 → R. sakuraii in the three-populations model shown above (Table 2) . 318
The Our new data and analyses confirmed the major patterns of mitochondrial genomic variation 330 reported previously (Eto et al., 2012) . Mitochondrial haplotypes obtained from R. sakuraii were 331 genealogically embedded in those from R. tagoi, and neither species was monophyletic on the 332 haplotype tree. The mitochondrial and nuclear data considered together indicate that R. sakuraii 333 constitutes a single species lineage. Rana sakuraii corresponds largely to Lineage A-3 on the 334 mitochondrial haplotype tree (Fig. 2) , with its sister lineage being R. tagoi populations bearing 335 mitochondrial haplotypes of Lineage A-2. Nonetheless, Lineage A-2 includes some R. sakuraii 336 13 mitochondrial haplotypes. We examine the hypotheses of incomplete lineage sorting and gene 337 flow as possible explanations for this pattern. The following three scenarios could explain the 338 phylogenetic pattern of mitochondrial haplotypes of lineages A-2 and A-3 (Fig. 2): (1) recent 339 speciation of R. sakuraii from R. tagoi Lineage A-2, which led to ILS of mtDNA at the species 340 level; (2a) past mitochondrial introgression from R. tagoi A-2 to R. sakuraii; and (2b) 341 introgression in the opposite direction (Fig. 4) . If recent separation of R. sakuraii from R. tagoi 342 A-2 was the case, the ILS hypothesis (1) would be the simplest explanation. However, if the 343 speciation was shown to be old, especially much older than the divergence time within mt-344 Lineage A-2, this hypothesis would be rejected. Conversely, the past-introgression hypotheses 345
(2) would be applicable if the speciation of the two species coincided with the split between 346 Lineages A-2 and A-3 (2a), or the separation of these two lineages from the others (2b). 347
Detection of historical gene flow between R. sakuraii and R. tagoi A-2 for the nuclear markers 348 also would support the past introgression hypotheses. 349
The genetic relationship based on the STRUCTURE analysis using nDNA was discordant 350 with the mitochondrial genealogy, and R. sakuraii and R. tagoi A-2 tended to be separated in 351 different subclusters (Fig. 3) . This result likely reflects their heterospecific status. The 352 demographic analysis using IMa2 showed that the separation of R. sakuraii from R. tagoi 353 lineages (ca. 1.1 MYA and 1.2 MYA in three-and two-populations models, respectively; Table  354 2) was younger than the separation of mt-Lineages A-2 and A-3 (ca. 2.1-1.9 MYA; Table 1),  355 and was similar to the divergence within these lineages (ca. 1.4-0.9 MYA). The date of 356 speciation would correspond to, or be younger than, the population divergence time estimated 357 by IMa in this case. So these results favour the ILS hypothesis, although the credibility intervals 358 of these estimates overlapped. 359
Based on the genealogy obtained (Fig. 2) , mitochondrial introgression between R. tagoi A-2 360 and R. sakuraii happened several times if the hypotheses 2 were the case (for example, two 361 independent introgression events should be presumed in the hypothesis 2a). Thus the 362 introgression hypotheses assume rampant hybridization of R. tagoi A-2 and R. sakuraii in the 363 past. The IM analyses based on two different models showed gene flow from R. tagoi to R. 364 sakuraii. However, this unidirectional gene flow seems to depend largely on the flow from R. 365 tagoi A-5+6 to R. sakuraii, because no significant flow between R. tagoi A-2 and R. sakuraii 366 was detected (Table 2) . These results do not support rampant hybridization of R. tagoi A-2 and 367 R. sakuraii, even though inter-specific gene flow did exist. From these considerations, the ILS 368 hypothesis would be more plausible than the introgression hypothesis to explain the 369 relationships of the two species on the mitochondrial genealogy. 370
The estimated time of the split of R. sakuraii and R. tagoi Lineage A-2 (ca. [Matsui et al., 2005] ; and around 373 5.7-4.0 MYA among Bufo torrenticola and two subspecies of B. japonicus [Igawa et al., 2006] ), 374 and seems to have occurred after the rough formation of the Japanese archipelago (see the next 375 section). Although the ILS of mtDNA at the species level is relatively rare because of its small 376 effective number of gene copies, it occurs occasionally in some situations, such as speciation 377 within the past millions years. It could be applicable in the case of R. sakuraii and R. tagoi, 378 because their speciation is estimated to be only about one million year ago. Rana sakuraii has 379 several traits adaptive to stream breeding in contrast to the subterranean breeding R. tagoi, 380 although they share many other characters (Matsui and Matsui, 1990) . It suggests that the 381 speciation of R. sakuraii was triggered by adaptation to a new breeding habitat, which is a 382 process that often promotes rapid speciation (Coyne and Orr, 2004) . 383
Evolutionary history of the two species 384
Rana tagoi and R. sakuraii are endemic to the Japanese archipelago and no close relatives 385 are known from the continent, although R. sauteri, a lotic breeding brown frog from Taiwan, is 386 thought to be their sister lineage (Tanaka-Ueno et al., 1998) . Our data do not contradict with this 387 idea ( Fig. 1) . Since the continental allies of R. sauteri are also unknown, the dispersal route of 388 the ancestor of the R. tagoi complex to the Japanese mainland is uncertain. The estimated time 389 of separation of R. sauteri and R. tagoi complex varies between the calibrations (22.0-11.6 390 MYA; Table 1 ), but around the early to middle Miocene. In this period the opening of the Japan 391 Sea began (Iijima and Tada, 1990) , although the Japanese and Ryukyu archipelagos, as well as 392
Taiwan were not yet isolated from the Eurasian continent (Chinzei and Machida, 2001) . 393
Therefore the common ancestor of R. sauteri and the R. tagoi complex would have been 394 distributed in the continental areas corresponding to the present Japanese archipelago to Taiwan, 395 but the ancestral allies would have been extinguished thereafter on the continent and the 396 Ryukyus, leaving relict species in Japan and Taiwan. 397
In any case, the ancestral population of the R. tagoi complex is thought to have diverged 398 into two major clades, A and B ( The estimated date of speciation of R. sakuraii was younger than the formation of the major 425 population lineages discussed above. Rana sakuraii would have originated ca. 1.2-1.1 MYA 426 based on the IM analysis ( Table S1 . 584 mt-lineage A-9c (n = 6) mt-lineage B-1 (n = 3) mt-lineage B-2a (n = 12) ... ..... 
